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Abstract 
The overall electron- and proton-pathways within the cytochrome-bc/ complex are described by a widely accepted mechanism known 
as the protonmotive Q-cycle. Within this reaction scheme, the unique bifurcation of electron flow into a high potential and a low potential 
pathway occurring at the ubihydroquinone-oxidation center is the energy conserving reaction. It is this reaction, which results in vectorial 
proton translocation, as it allows the 'recycling' of every second electron across the membrane onto the ubiquinone-reduction ce ter. 
However, the Q-cycle reaction scheme does not address the detailed chemistry of this central step. Based on a structural model of the 
ubihydroquinone-oxidation pocket and the assumption that the reaction involves two ubiquinone molecules in a stacked configuration, 
here I propose a detailed chemical model for the reactions occurring during steady-state catalysis. In this proton-gated charge-transfer 
mechanism the reaction is controlled by the deprotonation f the substrate ubihydroquinone and not, as proposed earlier, by the formation 
of a highly unstable semiquinone species. 
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1. Introduction 
The cytochrome-bc 1 omplex forms the middle part of 
the mitochondrial and many bacterial respiratory chains 
[1-3]. It is also part of the photosynthetic electron transfer 
chains of purple bacteria [4] and is a member of a larger 
family of bc-type complexes, which includes the cy- 
tochrome-bf complex found in chloroplasts, algae and 
some Gram-positive bacteria [5]. 
The cytochrome-bc I omplex transfers electrons from 
ubiquinol to cytochrome c and links this electron transfer 
to the establishment of a proton gradient across the inner 
mitochondrial or bacterial plasma membrane. This reaction 
is described by the following equation, in which subscripts 
n and p designate negative and positive sides of the 
membrane and ox and red refer to oxidized and reduced 
species: 
QH 2 + 2cyt c °x + 2H~ + ~ Q + 2cyt C red "[- 4H + 
The redox prosthetic groups of the cytochrome-bc 1 
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complex are contained in three subunits, the diheme cy- 
tochrome b, cytochrome c~, and the Rieske iron-sulfur 
protein. Although the cytochrome-bcj omplexes of mito- 
chondria contain multiple additional subunits which lack 
prosthetic groups [3,6], these supernumerary subunits are 
not essential, as evidenced by the fact that no significant 
functional differences have been found to the bacterial 
enzyme in which only the three redox proteins are present 
[2]. The subunit composition, topology, structure and muta- 
tional analysis of the cytochrome-bCl complex has been 
summarized in a number of recent reviews [1,4,7,8]. Here I 
will focus on a discussion of the mechanism by which 
electron transfer is tightly linked to the vectorial transport 
of 1 H+/e  - and address some directly related structural 
aspects. 
2. The protonmofive Q-cycle 
The overall electron- and proton-pathways within the 
cytochrome-bc I omplex are described by a widely ac- 
cepted mechanism known as the protonmotive Q-cycle [9]. 
The Q-cycle reaction scheme is depicted in Fig. 1 as 
numbered electron transfer eactions. For a complete cycle 
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Fig. I. The protonmotive Q-cycle. The path of electrons from ubihydro- 
quinone to cytochrome c through the redox prosthetic groups of the 
cytochrome-bcj omplex is depicted as a series of numbered reactions 
shown by solid arrows. Grey arrows indicate xchange of quinones with 
the Q-pool. Thick arrows indicate proton uptake or release. Jagged arrows 
point to the sites of inhibition for the respective inhibitors, t~+/t~ -, 
positive/negative side of membrane; b L and b H, low and high potential 
bemes of cytochrome b; c /c  I, hemes c /c l ;  FeS, 'Rieske' iron-sulfur 
cluster; Q, ubiquinone; Q-,  ubisemiquinone; QH2, ubihydroquinone. 
the reaction sequence 1 to 4 has to be completed twice. 
The protonmotive property of the Q-cycle is brought about 
by two key features: 
(1) There are two distinct ubiquinone-reaction centers 
on opposite sides of the membrane. The ubihydroquinone- 
oxidation center, called center P or center o, on the 
positive side of the membrane and the ubiquinone-reduc- 
tion center, called center N or center i, on the negative side 
of the membrane. As ubihydroquinone oxidation is linked 
to proton release and ubiquinone reduction is linked to 
proton uptake, this is a realization of the Q-loop concept, 
originally proposed by Peter Mitchell in his chemiosmotic 
hypothesis [10]. There is ample evidence for two 
ubiquinone- reaction centers from selective removal of the 
iron-sulfur center [11] and the use of specific inhibitors 
[12]. Their transmembrane arrangement is evident from a 
wide range of spectroscopic [l 3,14] and mutational studies 
[4,7,15]. 
(2) At the ubihydroquinone-oxidation ce ter electrons 
are transferred onto two completely different acceptors, 
heme b L (Em7 = -20  mV) and the Rieske Fe2S2-Cluster 
(Era7 = + 290 mV). This unique bifurcation of electron 
flow into a high potential and a low potential pathway is 
the energy-conserving mechanism resulting in vectorial 
proton translocation, as it allows the 'recycling' of every 
second electron across the membrane onto the 
ubiquinone-reduction center. 
The chemistry at the ubiquinone-reduction center is 
rather well understood and involves a stabilized, EPR-de- 
tectable semiquinone species [16], which is formed during 
the first half-cycle (Reaction 4a in Fig. 1). This reaction 
type is also used by other ubiquinone-reduction centers, 
e.g., the QB site of the photosynthetic reaction center, 
where a one-electron donor reduces the two-electron ac- 
ceptor ubiquinone in two consecutive steps. 
However, the ubihydroquinone oxidation at center P by 
two entirely different acceptors is a unique reaction only 
found in the cytochrome-bc] omplex. It is in this reaction 
where the actual chemistry takes place that drives vectorial 
proton translocation: one of the two electrons is forced to 
enter the low potential pathway according to the reaction 2 
QH 2 +Fe~S~ x + cyt b~ X --* Q + Fe~S~ d + cyt ~r~d 
+ 2H + AG 0'_- _ 13kJ/mol 3 
thereby preventing the thermodynamically much more 
favourable, but unproductive reaction 
QH 2 + 2Fe2S~ x -~ Q + 2Fe2S~ + 2H+AG °' 
= - 43 kJ /mol 3 
Remarkably, the latter reaction is not even observed in 
the so-called oxidant-induced reduction experiment, where 
excess of an oxidant like ferricyanide is added in the 
presence of substrate and the center N inhibitor antimycin. 
Under these conditions both hemes of cytochrome b be- 
come almost fully reduced. In other words, the fact that 
antimycin is a very efficient inhibitor of the enzyme's 
steady-state demonstrates a tight control of this reaction. 
This leads to an obligato~ bifurcation of electron flow, 
which in turn is prerequisite to vectorial proton transloca- 
tion. The central question, how this control is built into the 
chemistry of the center P reaction, is not addressed by the 
reaction scheme of the protonmotive Q-cycle. 
Transient formation of a highly unstable semiquinone 
intermediate (Era7 for Q /Q  = -300-400 mV) has been 
proposed to represent most of the activation barrier of the 
reaction [17,18]. Such a highly unstable semiquinone 
species has been observed at center P under conditions of 
oxidant-induced reduction by EPR [19]. However, it was 
not found under steady-state conditions and thus it remains 
unclear whether this semiquinone species is formed at all 
during normal catalysis or whether it is the product of a 
side reaction occurring at an unknown rate. This point is 
quite critical, as the properties of the semiquinone ob- 
served in the EPR experiments were used to build detailed 
kinetic models [17,18]. 
More importantly, the kinetic models do not include or 
even consider important steps of the ubihydroquinone oxi- 
dation reaction, like the forbidden reduction of the iron- 
sulfur cluster by semiquinone and the deprotonation of the 
hydroquinone. Consequently, even though these models 
2 Calculated for bovine enzyme using Era7 of + 70, - 20 and + 290 
mV for QH~/Q, cyt bt. and Fe2S~ _, respectively. 
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give a consistent phenomenologial description of the reac- 
tion, the picture of the actual chemistry taking place at 
center P remains unclear and the notion that the activation 
barrier is largely due to the formation of an unstable 
semiquinone has to be considered speculative. 
3. Topology and properties of the ubihydroquinone 
oxidation center 
A detailed understanding of any enzymatic mechanism 
is not only based on the physico-chemical properties of all 
reactants involved, but has to consider their structural 
arrangement and contributions of the protein moeity to the 
active site. Recently, the structure of a water-soluble frag- 
ment of the Rieske iron-sulfur protein from bovine heart 
has been solved [20] and good progress is being made 
towards a high resolution structure of the cytochrome-bc~ 
complex [21-23]. From the latter work the distances be- 
tween the redox-centers are known [21]. Still, for the time 
being, indirect evidence has to be used to identify the 
domains contributing to the center P reaction pocket. How- 
ever, ample information is available from protein chem- 
istry, enzymology and most notably from mutational stud- 
ies, which allows the construction of a rather detailed 
picture for the topology of the center. 
Fig. 2 is an attempt o construct a hypothetical folding 
model based on this large body of information, most of 
which has been compiled in recent reviews [1,4,7]: we 
demonstrated by inhibitor binding studies that domains 
from both redox proteins involved, namely cytochrome b
and iron-sulfur protein contribute to the reaction pocket 
[24]. Extensive mutational studies suggest hat the ends of 
helices B,C and F with interhelical-loops ef and cd of 
cytochrome b may form a fairly large crevice, which 
would be closed by the cluster binding loops of the 
iron-sulfur protein. This model, which we had proposed 
solely based on mutational and enzymological evidence 
[25], gets further support from the recently determined 
structure of the water-soluble fragment of the iron-sulfur 
protein, which shows that the Fe2S2-cluster forms the tip 
of the protein [20]. 
The dotted area in Fig. 2 indicates the approximate 
region of quinone and inhibitor binding. Three different 
types of inhibitors are known to inhibit the center P 
reaction. Although all of them displace each other, there 
are at least two different binding sites at center P: Stig- 
matellin affinity drops by more than five orders of magni- 
tude after removal of the iron-sulfur protein [24]. This and 
the model shown in Fig. 2 suggests that this inhibitor binds 
directly to one of the histidines coordinating the iron-sulfur 
cluster. Based on the actual structure of the iron-sulfur 
protein and in analogy to the QB-site of the photosynthetic 
reaction center [26], Link and Iwata have proposed a 
structural model for this binding interaction [27]. Quite in 
contrast, binding of E-13-methoxyacrylate inhibitors [28] is 
Fig. 2. Hypothetical folding model for center P of the cytochrome-bc~ 
complex. Domains of cytochrome b are shown in different shades of 
grey, domains of the Rieske iron-sulfur protein folding according to the 
high-resolution structure published in [20] are shown in white and the 
disulfide-bond bridging the loops, which binds the Fe2S2-cluster, is 
indicated by a grey bar. Capital letters indicate helices of cytochrome b, 
cd indicates the postulated xtra-membraneous helix formed by part of 
interhelical loop cd. The dashed square and Fe indicate heine b L which is 
coordinated by histidines of helices B and D and therefore lies behind 
helix E. The dotted area indicates the back of the binding pocket. 
Numbers indicate the approximate position of residues conferring resis- 
tance to different inhibitors of center P in the sequence ofcytochrome b 
from Sac~haromyces rez'isiae (see Ref. [1]). 
not affected at all by removal of the iron-sulfur protein 
[24], indicating that the binding site for this type of 
inhibitor entirely resides on cytochrome b. From differen- 
tial sensitivities of the cytochrome-bc 1 omplexes in natu- 
rally resistant basidiomycetes towards a number of E-[3- 
methoxyacrylates, we have concluded that the E-13- 
methoxyacrylate moiety binds to the domain around residue 
261, while larger inhibitor molecules of this type seem to 
employ additional interactions around residues 137 and 
256 [25]. 
When we found that the E-[3-methoxyacrylates are 
non-competitive inhibitors with respect to ubihydro- 
quinone [28], this was the first indication that center P can 
accommodate wo molecules at a time. Based on changes 
in the EPR line shape of the iron-sulfur cluster, Ding et al. 
[29] concluded that in fact two ubiquinone binding sites 
exist at center P. Extending these studies the same authors 
recently proposed that the more weakly bound species, 
Qow, is the substrate and is exchanged uring catalysis, 
while the ten times more strongly bound species, Qos, 
behaves like a prosthetic group and is not exchanged 
during turnover [17]. From this, an obvious conclusion 
would be that the E-[3-methoxyacrylates arenon-competi- 
tive inhibitors [28], because they displace the prosthetic 
Qos but not the substrate Qow. 
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Thus, it seems very likely that center P accommodates 
two quinone molecules and the immediate question arises 
how the head-groups bind within the pocket. Several possi- 
ble arrangements have been discussed by Ding et al. [17]. 
The authors prefer an edge-to-edge over a stacked configu- 
ration as this arrangement could form a bridge between 
histidines ligating heme b L and the Fe2S2-cluster. This 
would allow very fast electron transfer rates (> 10 j° s 1), 
needed for the kinetically controlled mechanism discussed 
in the same work. In fact, the edge-too-edge distance be- 
tween the two redox-centers of 21 A estimated on this 
basis fits quite well the iron-to-iron distance of 26 
tentatively determined from X-ray diffraction analysis [21]. 
However, this could be coincidental s, according to elec- 
tron-transfer theory [30], rates > 10 6 S-1 could easily be 
reached across a distance of about 15 A, which is the worst 
case for a stacked arrangement of the two quinone head- 
groups. On the other hand, it has been reported that the 
affinity for both quinones bound to center P is affected to 
the same extent for a number of quite different point 
mutations of cytochrome b [17,31]. This strongly favours 
the idea of a rather confined binding domain, as expected 
from a stacked arrangement, and is difficult to understand 
assuming an edge-to-edge configuration. 
The next obvious question is which of the two quinones, 
Qos or Qow, binds closer to the iron-sulfur cluster. The 
fact that Qos induces the stronger EPR line shape change 
of the iron-sulfur cluster [29] and the picture arising from 
inhibitor-resistant mutants (see Fig. 2) suggests that the 
'prosthetic' ubiquinone is bound closer to this redox center 
and is likely to hydrogen-bond to one of its histidine 
ligands (see below). Consequently, Qow, the substrate 
exchanged during steady-state is expected to bind closer to 
heme b L. This puts an important constraint on the chem- 
istry of ubihydroquinone oxidation, which is accounted for 
in the sequential semiquinone barrier model of Ding et al. 
[17] by postulating that a barrier-free transhydrogenation 
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Fig. 3. Proton-gated charge-transfer mechanism of ubihydroquinone oxidation at center P. The four principal steps of ubihydroquinone oxidation are 
shown. See text for details. Q, ubiquinone; Q , ubisemiquinone; QH 2, ubihydroquinone; Qos, 'prosthetic' quinone; Qow, 'substrate" quinone; X, primary 
proton acceptor; ox, oxidized; red, reduced. 
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change. However, it is very difficult to envision that 
transfer of two electrons and two protons between bound 
quinones would not be associated with a very high reorga- 
nization barrier, in particular if they were in an edge-to- 
edge configuration. 
4. The activation barrier of ubihydroquinone-oxidation 
As discussed above, there are good indications that 
center P accommodates two ubiquinone head-groups with 
the 'prosthetic' Qos bound close to or at the iron-sulfur 
cluster. It appears more likely that they are arranged in a 
stacked configuration. Such an arrangement calls for a 
quinhydrone-like charge-transfer complex as an intermedi- 
ate of ubihydroquinone-oxidation at center P. I have for- 
mulated a mechanistic oncept based on such a quinhy- 
drone-like intermediate [32]. The formation of a quinhy- 
drone at center P has also been considered independently 
by Ding et al. [17]. The most attractive feature of quinhy- 
drone [33] is that it symproportionates into two 
semiquinones upon deprotonation. This could be used for a 
preformation of the bifurcated electron flow at center P. If 
this chemistry would be employed by the cytochrome-bc 1 
complex, one would expect that deprotonation of ubihy- 
droquinone plays a central role. It is remarkable that, even 
though it was realized a long time ago that the first 
deprotonation of ubihydroquinone has to precede its oxida- 
tion [34], the thermodynamic and mechanistic onse- 
quences of this step have been largely ignored. So far 
kinetic models have considered the reaction 
QH2 + Fe2S 2ox __+ Q.- + re2~ 2 . . . .  d + 2 H + 
as a single step. This is of particular significance, as it is 
also claimed that this reaction accounts for the activation 
barrier and controls the turnover of the whole enzyme 
[17,18]. However, if one takes the first pK A value of 
ubihydroquinone in 80% ethanol of 11.2 as an approxima- 
tion [34], one can calculate a standard free energy change 
of + 24 kJ /mol  at pH 7. Taking into account that the 
actual activation energy for ubihydroquinone oxidation is 
around 35 kJ /mol  [18], this deprotonation could in fact 
make up most of the barrier. When we measured the 
pH-dependence of the activation energy for steady-state 
turnover of the bovine and yeast cytochrome-bcl om- 
plexes (Brandt U. and Okun J., manuscript in preparation), 
we found that it decreased linearly from pH 5.5 to 9.0. The 
slope was 5.7 kJ • mol 1 . pH-  I for both organisms, which 
corresponds nicely to an n = 1 deprotonation as the rate- 
limiting step. If we used plastohydroquinone in place of 
ubihydroquinone, we found that the activation energy was 
in the same range around neutral pH and that it was also 
inversely proportional to pH. However, the slope was 2-3 
times steeper. This can be taken as an indication that under 
certain conditions more than one deprotonation event may 
contribute to the activation barrier. In the same study we 
could identify two protonable groups that control the rate 
of steady-state turnover and concluded that one group 
(pK A = 6.7) has to be deprotonated and the other group 
(pK A = 9.1) has to be protonated in the active enzyme. A 
very similar pK A value of 9.2 was reported for the second 
redox-Bohr group of the Rieske iron-sulfur cluster and has 
been assigned to one of the histidines ligands by CD-spec- 
troscopy [35]. Therefore, it seems reasonable to conclude 
that the second group which controls turnover is this 
histidine, and that its protonation is crucial because it is 
hydrogen-bonded to the Qos-carbonyl. 
5. Bifurcation of electron flow by proton-gated charge- 
transfer 
The framework of structural, functional and chemical 
constraints outlined above sets the stage for a proton-gated 
charge-transfer mechanism as depicted in Fig. 3. This 
hypothesis proposes a detailed chemistry for the oxidation 
of ubihydroquinone at center P. The primary difference to 
other proposed mechanisms [17,18] is that the reaction is 
controlled by the deprotonation of ubihydroquinone and 
not by the formation of a highly unstable semiquinone. 
A tumover can be divided into four principal steps (see 
Fig. 3): 
1. Deprotonation: First one proton has to leave ubihy- 
droquinone (Qow) and this step forms most of the activa- 
tion barrier, i.e., QH-  is the species close to or at the 
transition state. The second deprotonation is already driven 
by the subsequent symproportionation (step 2), but it is 
included into step 1 to stress that it is expected to occur 
prior to any electron movement. 
2. Symproportionation: With the second deprotonation 
an electron is transferred from Qow to Qos forming a 
double-semiquinone i termediate. This step could be most 
easily envisioned by employing properties inherent o a 
quinhydron-like complex, but it should be stressed that 
formation of a charge-transfer complex is not a crucial 
point of the model. Much more important for catalysis of 
the symproportionation step is that the hydrogen-bond 
between one of the histidine ligands of the iron-sulfur 
cluster and Qos is shifted towards the quinone. This will 
significantly stabilize the formed semiquinone at the ex- 
pense of a shift of the potential of the cluster to a less 
positive value. This is central for catalysis because it 
means that the effective pK A for the second deprotonation 
is lowered by pulling an electron towards the iron-sulfur 
cluster which could be regarded as acting as a Lewis acid 
at this point. It also follows that the redox potential of the 
semiquinone at Qow is more negative than that of the 
semiquinone at Qos, but that both should be stabilized 
relative to the free species. 
3. Oxidation: Following the separation of the two elec- 
trons in step 2, the two redox-centers are reduced in rapid 
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reactions and substrate oxidation is completed. The 'forbi- 
dden' reduction of the iron-sulfur cluster by the 
semiquinone at Qow is prevented by two mechanisms. (1) 
Reduced heme b L is expected to raise the effective pK A of 
the ubihydroquinone bound as Qow by electrostatic inter- 
action. As this means a significant increase of the activa- 
tion barrier (see step 1), the catalytic cycle will be entered 
at a much slower rate if heme b L is not oxidized. (2) 
Direct electron-transfer would have to occur via the forma- 
tion of a Qos semiquinone and this could be prevented by 
a significant reorganization barrier. 
4. Substrate Exchange: In the last step ubiquinone is 
exchanged with ubihydroquinone at the Qow site and 
heme b L and the iron-sulfur cluster are oxidized to com- 
plete the cycle. 
6. Conclusion 
The proton-gated charge-transfer hypothesis provides a 
detailed mechanism for the chemistry of ubihydroquinone 
oxidation, which represents the actual energy-conserving 
step within the protonmotive Q-cycle. At this point the 
model only includes the steady-state mode of the system. 
Other modes, like the priming reactions occurring if the 
system is started from a fully reduced quinone-pool, are 
expected to require additional steps, but should be based 
on the same chemistry. 
While each of the proposed steps will have to be 
scrutinized by careful thermodynamic and kinetic analysis, 
the fundamental principle that deprotonation controls the 
reaction seems to be inevitable from the experimental 
evidence available and will have to be included in any 
mechanistic model. 
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